ABSTRACT
INTRODUCTION
Biologically relevant molecular clones of primate lentiviruses are important for the study, development and evaluation of therapeutic and vaccinal strategies for the prevention of AIDS. Experimental infection of various species of macaques with simian immunodeficiency virus (SIV) induces AIDS closely resembling human immunodeficiency virus (HIV) infection in man (14, 24, 31) and is used extensively to evaluate vaccinal strategies for HIV (5, 8, 15, 22, 36) . To date, only molecular clones derived from cultured virus have been available. In an effort to fully utilize this animal model, it is important to have a technique for acquiring relevant, representative molecularly cloned viruses directly from biological materials.
The use of conventional strategies, such as cloning from lambda phage libraries, has proven to be very difficult for the molecular cloning of SIV and other lentiviruses directly from in vivo samples, because of relatively low frequencies of infected cells (10, 25) . Attempts to increase the number of infected cells by in vitro propagation caused selection for a limited subset of viral variants during growth in culture (21, 44) . More recently, polymerase chain reaction (PCR) amplification has been used to generate molecular clones of SIV (15) and HIV (30) .
The reasons for deriving molecular clones directly from virus present in biological fluids such as serum are twofold. First, the predominant virus population in serum or plasma at any one point in time is most likely to represent an abundantly replicating viral population. Since their predominance is likely the result of escape from immune surveillance, they are of particular biological importance. Second, proviral DNA is expected to be enriched in defective proviruses (14, 28, 45) .
Although reverse transcription (RT)-PCR allows us, in principle, to clone RNA viruses directly from biological fluids, it is difficult to produce large (first and second strand) cDNA molecules by reverse transcription and by PCR, respectively. RT-PCR cloning can be optimized by the isolation of highquality (polyadenylated) RNA, efficient reverse transcription to generate a cDNA template for the PCR step and an efficient method to ligate the PCR product into a suitable vector. Various methods have been described for the isolation of high-quality RNA for use as PCR template (4, 6, 35) , as well as for the improvement in the synthesis of first-and second-strand cDNA. Ligation of blunt-ended PCR products in predigested plasmids in the presence of a suitable endonuclease can increase the cloning efficiency considerably. This cloning procedure seems preferable to the ones that use restriction recognition sites in the primers, since the latter techniques have proven to be inefficient (19) and/or to generate complicated cloning artifacts (23) . Unfortunately, short products tend to accumulate during the RT reaction as a result of nonspecific priming. Here we report a method to minimize these und esired products by using a modified primer extension assay and a long RT primer in combination with stringent annealing conditions. Moreover, a supplement of spermidine to the first-strand reaction (29) and the use of a Taqand Pfupolymerase mixture in the second-strand synthesis assist in elongation and efficiency of PCR (1, 7) .
By applying this modified assay to monkey serum, we were able to amplify and clone the 5-kb 3 ′ and 5 ′ halves of the SIV 8980 genome. We anticipate that this method will be of interest for the cloning of large cDNAs from lowabundance RNA molecules and particularly for the generation of molecular clones of RNA viruses directly from clinical samples.
MATERIALS AND METHODS

RNA Isolation and First-Strand cDNA Synthesis
The SIV 8980 isolate was derived from SIV deltaB670 (2) after a series of subsequent in vivo passages in rhesus macaques. Serum was taken from an SIV 8980 -infected monkey that had P27 (nucleocapsid protein) antigenemia (24.5 ng/mg), as measured by a commercially available SIV antigen capture assay (Coulter, Hialeah, FL, USA). For a variety of diverse biological assays, viral RNA from serum is frequently more suitable than that obtained from plasma, because the anticoagulant disturbs the particular assay or because, after thawing, a fibrin clot is formed. Hence, for retrospective analysis from frozen samples, serum may be more readily available.
RNA from 100 µ L of serum was isolated as previously described (4) . RNA pellets were dissolved in 20 µ L of 40 mM piperazine-N -N ′ -bis(2-ethane-sulfonic acid) (PIPES) (pH 6.5), 1 mM EDTA, 0.4 M NaCl and 2.5 pM (synthesis) primer No. 10120 (GAG TGG CTC CAC GCT TGC TTG CTT AAA GAC CTC TTC AAT AAA GCT GCC AAT TAG AAG TAA GC) (nucleotide [nt] 10058-10120 of the SIV smmh4 genome) (20) and incubated for 10 min at 85°C in the presence of 60% (wt/vol) formamide. Specific annealing of the primer to the template was carried out by slowly cooling the incubation mixture to 42°C and keeping it at this temperature for 16 h. To eliminate the formamide and to change from annealing buffer to synthesis buffer, the RNA/ primer complexes were precipitated with 0.1 volume (3 M) of sodium acetate and 2.5 volumes of ethanol, followed by a single 70% ethanol wash. The complexes were dissolved in 13 µ L of KCl (90 mM) and subsequently heated to 70°C for 10 min and snapcooled on ice, immediately followed by the addition of 7 µ L of the synthesis mixture: 10 mM MgCl 2 , 1 mM dNTP (each), 1 mM dithiothreitol (DTT), 10 U RNasin ® (Promega, Madison, WI, USA), 0.5 mM spermidine (Sigma Chemical, St. Louis, MO, USA) and 200 U Moloney murine leukemia virus (M-MLV) reverse transcriptase (SuperScript ™II RT; Life Technologies, Breda, The Netherlands). First-strand synthesis was performed during a 60-min incubation at 45°C. Finally, the enzyme was heat-inactivated at 90°C for 10 min. Control experiments were performed without reverse transcriptase.
PCR Amplification of cDNA Templates
To evaluate the effect of modified reaction conditions on the length of the synthesized cDNA, test RT-PCR amplifications were performed on RNA aliquots obtained from infected monkey serum. In all RT-PCRs, the cDNA synthesis started at the 3 ′ end of primer 10120 (located in the R region of the 3 ′ long terminal repeat [LTR] ). The length of the cDNA was determined by a subsequent PCR amplification. PCR primer pairs consisted of the same 3 ′ primer (No. 10077) combined with different 5 ′ primers (9026; 8023; 7254; 6551; 6059; or 5081) that were located more upstream each time than the previous one, producing fragments of increasing lengths with increased cDNA synthesis. Primers were designed from conserved regions between different SIV strains (Los Alamos database). The names of the primers corresponded to the nucleotide positions of the SIV smmh4 genome (20) (Figure 1 ). All primers were obtained from Pharmacia Biotech (Roosendaal, The Netherlands), and all chemicals were obtained from Sigma Chemical. PCR fragments were generated by using a Taq / Pfu DNA polymerase mixture on cDNA templates, followed by a second PCR with PfuDNA polymerase (Stratagene, La Jolla, CA, USA) on a small fraction (5-10 µ L) of the first amplification. All PCR amplification reactions (100 µ L) were performed in a Perkin-Elmer DNA Thermal Cycler 480 (Norwalk, CT, USA). A mixture of AmpliTaq ® DNA Polymerase (Perkin-Elmer, Gouda, The Netherlands) and PfuDNA polymerase was used as recommended by Perkin-Elmer with two exceptions. The primer and MgCl 2 concentrations were adjusted to 15 pM and 2 mM, respectively, and one unit of both polymerases was used. The program used in these amplifications consisted of 10 cycles of denaturation at 94°C for 1 min; annealing at 59°C for 50 s; extension at 72°C for various times depending on the desired fragment length (usually 1 kb/min elongation). Final extension at the end of the program was for 10 min. Pfu DNA polymerase amplification was as recommended by Stratagene, except that 15 pM of phosphorothioated (13) primers and 3 units of PfuDNA polymerase were used. In this case, the primers were extended with the following program: 5 min at 94°C, then 35 cycles of denaturation at 94°C for 1 min; annealing at 58°C for 1 min, followed by extensions as described earlier. A hot start protocol (18) using AmpliWax ™PCR Gem beads (Perkin-Elmer, The Netherlands) was used in all PCRs as described by Perkin-Elmer (3). The PCR products produced in the second reaction were analyzed by electrophoresis on 1% agarose gels (33) .
Cloning and Analysis of 5.0-kb PCR Fragments
PCR fragments were recovered from the agarose gels by a freeze-squeeze method (42, 43) and cloned into a ( Srf ) (39) predigested Bluescript ® vector using the pCR-Script ™SK(+) cloning kit (Stratagene). Cloning conditions were based on the recommendations of the supplier, except that the vector was gelpurified and co-precipitated with the fragment, facilitated by tRNA. Ligation was carried out in the presence of Srf endonuclease (Stratagene) (4 U) at 20°C for 14 h in a total volume of 10 µ L. MAX Efficiency STBL2 ™compe -tent cells (Life Technologies) were transformed according to the instruction manual supplied with the bacteria. Recombinant plasmids were isolated with a standard minipreparation method (11) . Internal PCR fragments (Figure 1C) were derived from recombinant plasmids and subjected to endonuclease restriction analysis using Bcl I, Pst , BamHI, Hin dIII, Eco RV, Sst I and Eco -RI (Boehringer Mannheim, Almere, The Netherlands). The same fragments were used as oligolabeled probes (10 6 cpm/ µ g) in dot blot hybridizations with membrane-bound SIV 8980 RNA (Figure 1D) . Nylon filters (Zeta-Probe ® ; Bio-Rad, Veenendaal, The Netherlands) were hybridized in 6 ×standard saline citrate (SSC)/5 ×Denhardt's at 65°C and washed in 0.1 × SSC/1% sodium dodecyl sulfate (SDS) at 45°C (33) .
RESULTS AND DISCUSSION
To clone long SIV RNA sequences directly from serum, a primer extension method was optimized to generate cDNA molecules under various reaction conditions. To determine the progression in first-strand cDNA synthesis, we designed PCR primers for the 3 ′ half (5 kb) of the SIV genome. The sequences of the primers along with their positions are shown in Figure 1A . The products amplified with these primers are indicated in Figure 1B . For the present study, we used purified SIV RNA from the serum of an experimentally infected rhesus monkey. RNA was reversed-transcribed into cDNA using both the optimized protocol and the standard one provided by the supplier. Briefly, RNA, together with the synthesis primer (No. 10120), was heat-denatured at 80°C and snap-cooled on ice. Reverse transcriptase was added and cDNA was synthesized at 42°C for 60 min. The enzyme was inactivated at 90°C. The reaction was then subjected to PCR. The RT-PCR results obtained with this standard protocol are presented in Figure 2A . The standard protocol was performed four times and enabled us to efficiently generate doublestranded cDNA fragments up to 3 kb. However, 4-kb and 3.5-kb products could be detected only faintly (one and two times, respectively). In all cases, these products were present in lower amounts than the smaller nonspecific products and tended to accumulate, likely at the expense of the larger amplimers. Cloning of 3.5-and 4-kb fragments failed in all cases using the standard technique. Apparently, under these conditions, when primer annealing takes place at temperatures well below the melting temperature (T m ) of the primer, short(er) cDNA molecules are generated because of mispriming, resulting in short products after RT-PCR with primer No. 5106. In our attempt to define optimized conditions for the production of full-length cDNA, we modified the annealing conditions for both the RT synthesis of the firststrand cDNA and the subsequent PCR conditions. By using annealing temperatures as high as, or as close as possible to, the T m of the cDNA synthesis primer, we favored specific primer hybridization and reduced mispriming (17) . Since formamide reduces the melting temperature of DNA/DNA and DNA/RNA duplexes in a linear fashion by 0.72°C for each percent formamide, it was possible to stringently anneal long primers (T m >42°C) at a decreased temperature of 42°C. The formamide concentration of 60% gave the highest yield of fulllength product during RT-PCR when using synthesis primer No. 10120. In principle, cDNA synthesis should thus start from only one hybridized primer per template and proceed to the 5 ′ terminus of the RNA template. To remove the formamide from the annealing buffer, RNA/primer complexes were precipitated and washed. After cDNA synthesis and PCR, only the DNA product of the expected molecular weight was generated. Synthesis of smaller amplimers due to nonspecific primer hybridization was not observed. However, cDNAs less than full length may still be generated because of secondary structure in the RNA that tends to cause the reverse transcriptase to pause or stop (26) . Since we used long primers (62-mer; 45% CG) with high T m in the first-strand cDNA, it permitted heat-denaturation of some secondary structures to 70°C before synthesis, without dissociating RNA/ primer complexes. In our experiments, we tested avian myeloblastosis virus (AMV) and M-MLV (SuperScript II RT) reverse transcriptases. The latter enzyme yielded the largest products in the best clonable amounts in the modified RT-PCR. Secondary structures may also cause RNase H to cleave the RNA near the 3 ′ -OH end of the growing cDNA chain. This results in premature termination of the cDNA synthesis. Since SuperScript II RT, lacking RNase H activity, has a higher progression rate than the wild-type enzyme (AMV), we assume that this accounts for the better results of this enzyme in our test. ever, since Tth polymerase has been shown to be less sensitive relative to M-MLV reverse transcriptase (9), we did not consider this enzyme useful for our purpose. The addition of spermidine in the reverse transcriptase buffer showed a slight increase in the amount of 5-kb product and a decrease in background products. The concentration used here (0.5 mM) was based on earlier observations (29) and the experience of other groups (J. Gietema, Invitrogen, personal communication), and so we did not further test other concentrations.
To minimize the error rate during PCR amplification of the synthesized cDNA, the heat-stable Pfupolymerase containing proofreading activity (32) was used because of its (16 × ) higher fidelity (34) . Unfortunately, we were not able to successfully perform PCR directly on cDNA using only Pfu . However, PCR performed using Taq/Pfu mixtures or just Taqalone was successful under similar conditions. This suggests that Pfuneeds a higher template concentration or has a much slower progression rate, both compared to Taq . Utilizing Taq/Pfumixtures rather than Taqalone has been reported to allow the production of larger fragments with less PCR mistakes (7) . Various Taq/Pfu ratios were tested with the primer pair Nos. 10077 and 5108 on pBK28 (27) , generating 5-kb amplimers (data not shown). The ratio of Taq/Pfu (1U/1U) gave the highest yield in full-length product and was used in amplifications on SIV 8980 cDNA templates.
The final PCR protocol for the amplification of full-length cDNA consisted of two steps. The first PCR (10 cycles), using Taq/Pfumixtures, served only to generate sufficient template for the second PCR. The second PCR (35 cycles), using Pfuonly, was performed on 10 µ L of the first PCR amplification. The number of cycles we used in the first PCR was determined by a RT-PCR performed on viral RNA from serum with Taq/Pfu . Thereafter, 10-µ L samples were taken following 5, 10, 15, 20 and 30 cycles. These aliquots served as templates for the second amplification (35 cycles), in which only Pfu polymerase was used. Ten cycles in the first amplification were enough to yield detectable products after re-amplification. The exonuclease activity of enzymes with 3 ′→ 5 ′exonuclease-mediated proofreading has also been reported to degrade primers for DNA synthesis, thus resulting in diminished primer specificity or no PCR product at all (40) . As primers with 3 ′ -terminal phosphorothioate linkages are resistant to this exonuclease activity (34), we consequently used phosphorothioated primers in all amplifications.
Hot start in PCRs is a commonly used method that increases low-copynumber specific amplification but at the expense of side reactions due to mispriming. In hot start PCR, reagent addition to the reaction tube is designed so that the reactants do not mix until reaching a temperature high enough to suppress primer annealing to non-target sequences (80°-90°C). In all of the experiments described here, we used the AmpliWax PCR Gem-mediated hot start technique (3). PCRs performed under these conditions showed considerably less background and much higher yields of full-length products compared to amplifications without hot starts. In addition, this method reduces cross-contamination, which is considered to be a potential disadvantage of the hot start technique, requiring the manual addition of the polymerase at 90°C.
Results obtained with the modified RT-PCR method are depicted in Figure  2B . Under optimized reaction conditions, no nonspecific products were observed, and amplification products up to 5 kb were consistently seen ( Figure  2B ). The optimized RT-PCR method was tested three times and amplification products up to 5 kb were seen, but not smaller nonspecific products. Twenty clones of SIV containing the 3 ′ genome half were obtained using this technique. Primer specificities and the presence of highly conserved restriction sites in the cloned fragments demonstrated that the cloned 5-kb products were of SIV origin ( Figure  1C ). This was also confirmed by dot blot hybridization of the amplified subgenomic fragments with viral RNA ( Figure 1D ). Hybridization as well as washes were carried out under such stringent conditions that positive signals due to PCR-primer (25-mer) homology alone were not likely to occur.
Finally, to reduce the instability that occurs during the propagation of molecular clones of HIV in bacteria (38) , separate cloning of 5 ′ and 3 ′ halves of RNA viral genomes should be considered. By using this cloning strategy it is possible to consider more routine preparation of full-length molecular clones (ca. 10 kb), which can be reconstituted either in vivo (41, 46) or in vitro (15) . After further optimization, the modified RT-PCR method described here may be useful in the molecular cloning of lentiviruses directly from sera, enabling the characterization of biologically relevant viral populations. To avoid the accumulation of smaller products, which may occur because of the presence of two identical LTRs in retroviral genomes, primers could be designed that specifically anneal to the 5 ′ cap sequence and to the 3 ′ poly(A) tail. These particular sequences are present only in encapsidated RNA and not in proviral DNA. Last, this technique has the potential to be applied to the cloning and characterization of other RNA viruses directly from bodily fluids.
